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Abstract:
In this report, the results of firing a high velocity ballistic at a laminated plate will be analysed. Simulator software, ABAQUS, was used to show the effects of firing a high velocity ballistic at two different laminated plates consisting of different materials. A steel bullet was fired at two laminate plates. One was made up of steel and plastic, and the other was steel and lead. It was found that the laminate plate made of steel and lead took a lot less damage than the steel and plastic laminate when the steel bullet was fired at them. 

Introduction:
In the experiment, the simulating software ABAQUS was used to fire a steel bullet at one laminate plate made of steel and plastic and then another made of steel and lead. The impact on stress and strain rates were then evaluated to compare the materials. Prior to doing the experiment, some research was conducted on the best materials for stopping high speed ballistics. It was found that materials such as Kevlar were commonly used in body armour due to it being lightweight but also offering lots of protection [1], however, values for Kevlar, particularly the Johnson-Cook values, were tough to find. Steel and plastic were already given in the template provided, so it was decided to use steel and plastic for the first test and then steel and lead in the second test to compare it to. Steel was also chosen as the material for the bullet. 
Lead was chosen as the second material due to its malleability. As plastic was used as the first material, it was believed lead would improve the laminate and suffer less damage than the plastic model. Lead can also stretch without breaking which is an ideal property for the secondary material of the laminate [2]. It is ductile so it shouldn’t break easily so when the projectile hits the laminate; it should just be deformed rather than destroyed [3]. Steel was chosen for the material of the bullet.  The laminate was made up of 5 layers, so in the model steel was used for the outer layers as well as the middle layer. The remaining 2 layers were then made up of plastic for the first test, and then lead for the second test. It was also found that a ceramic front layer would improve the strength of the material [4] but ABAQUS didn’t seem to work properly when a ceramic front layer was put in, so it was never used in the final models. 
For high strain rate situations that are commonly found with explosive loading of ductile material, a very popular model is the Johnson-Cook model. This is because it is better for modelling plastic behaviour under dynamic loading [5]. The Johnson-Cook plasticity model is suitable for high strain-rate deformation of lots of materials. This also includes most metals  [6]. In the rest of the report I will be going through the experiment and what I did, talking more about the materials and the Johnson-Cook model, and then going through my results.



The results of the experiment were analysed by looking at the stress on the models. Stress is used in the equations for calculating Young’s Modulus. Young’s Modulus shows the stiffness or how resistive something is to deformation when a force is acting on it [7]. If something has a high Young’s Modulus, it means it is stiff or inelastic, and materials with a low Young’s Modulus are elastic. Materials such as graphene have a high Young’s Modulus whereas materials such as rubber have a low Young’s Modulus. Graphene was one of the materials I had hoped to use in the laminate, but the Johnson-Cook parameters were difficult to find. The Young’s Modulus of a material is calculated using the equation  where E is Young’s Modulus, ε is strain and σ is stress. Stress is then calculated with the equation  where F is force and A is area; strain is calculated with the equation  where ΔL is the change in length and L is the original length.

Experiment:
Materials:
The model that was used in this experiment consisted of 5 layers. It was decided that the top, middle and bottom layer would all be one material, and then the other 2 layers be a second material, to improve the strength of the model. Steel was chosen as the first material due to its high tensile strength. It was seen to be an ideal material for this high speed, high strain rate problem. It was decided that the second material would be the variable in the experiment. Plastic, more specifically PVB, was already given as the other material of the model, so it made sense to keep it and find another material to replace it with in the second test to compare the results. The second material for the second test was chosen to be lead. Lead is malleable and ductile which made it ideal to be the second material and compared to plastic as these are similar properties to plastic. It can also be stretched without breaking which made it suitable for the model [2]. 
Prior to doing the experiment, I had conducted some research into ideal materials for this high strain rate problem. Due to Kevlar being very strong but also quite lightweight [1] I had originally set out to use that as the primary material in the laminate, but the values were tough to find. This was the same for Tungsten. Therefore, Steel was used instead as we were already given some of the values in the template. For the bullet, my research had indicated lead is commonly used in ammunition which is why lead was chosen as a material to use in the experiment. Lead is used in ammunition due to its malleability and ductility. As well as this, once lead has penetrated its target it expands which causes more damage to the target. It is also dense meaning it is heavy for its volume which makes it more accurate [8]. Unfortunately, I couldn’t get lead to work as the bullet, I think something to do with the fracture energy, so steel was used instead, and lead was used for the laminate.



Johnson-Cook Model
The Johnson-Cook plasticity model was chosen due to its suitability for high strain-rate deformation problems [6]. The Johnson-Cook model is commonly used for high strain-rate problems due to it being better for modelling plastic behaviour under dynamic loading [5]. These types of problems are commonly found with explosive loading of ductile material. The Johnson-Cook dynamic failure model was also used for the damage model. This was because it can be used in conjunction with the Johnson-Cook plasticity model. Figure 1 shows the Johnson-Cook values for the three materials that were used in the experiment and figure 2 shows the damage model values. 

	Material
	A (MPa)
	B (MPa)
	N
	M
	Ɛ0 

	Steel
	980
	2000
	0.83
	1.4
	0.0005

	Lead
	24
	300
	1
	1
	1

	Plastic
	20
	0.00002
	0.9
	1
	1


Figure 1 - Johnson-Cook Parameters
	Material
	D1
	D2
	D3
	D4
	D5
	Melting temp
	Transition temp

	Steel
	0.05
	0.8
	-0.44
	-0.046
	0
	1500
	1000

	Lead
	-0.8
	2.1
	-0.5
	0.0002
	0
	500
	300

	Plastic
	0.8
	0
	0
	0
	0
	2000
	1000


Figure 2 - Johnson-Cook Damage Model Parameters

Results
[image: ][image: ][image: ][image: ]Figure 3 - Steel and plastic model tensile stress
[image: ][image: ][image: ][image: ]Figure 4 - Steel and lead model tensile stress

[image: ][image: ]Figure 5 - Velocity/time graphs for the steel bullet (left being the steel and plastic model)

[image: ][image: ][image: ][image: ]Figure 6 - Steel and plastic model shear stress
[image: ][image: ][image: ][image: ]Figure 7 - Steel and lead shear stress

Discussion
As you can see from the results, the steel and plastic model suffered a bigger deformation than the steel and lead model. The lead model wasn’t deformed very much, and the bullet failed to make it through the laminate. For the steel and plastic laminate, the bullet also failed to break through the laminate, but it was a lot closer to getting through than in the steel and lead model and caused significant deformation. This shows that the lead has a higher resistance to deformation than the plastic. Therefore the lead will have a higher Young’s Modulus. The lead model had a smaller deformation so the strain of lead will be less than that of plastic.
Looking at the shear stress of the two models, you can see that for the steel and plastic model there is a lot of stress around the area of the bullet, but the rest of the model isn’t too affected. Comparing this to the steel and lead model, this experiences stress for a larger area but only for the steel. The lead doesn’t experience very high shear stress at all. This is probably due to its malleability. Lead is less resistive to deformation than the steel, so it stretches a lot easier which is why it experiences less stress. This is why it is used in ammunition. 
Looking at the velocity against time graph of the bullet for the steel and plastic model, it shows the graph is quite erratic at the start. It fluctuates quite a lot but then calms down and then has a steady deceleration. For the velocity against time graph of the steel and lead laminate, it is a lot steadier and more consistent. There is very little fluctuation compared to the steel and plastic model, and it quickly calms down and steadily decelerates. Comparing the two, the velocity of the bullet in the steel and lead model is slightly lower after impact and decreases slightly quicker. Apart from this there isn’t a significant difference, other than the velocity in the steel and plastic model fluctuating considerably more. The velocity of the bullet in the steel and plastic model also looks to reach a higher peak velocity. 
Conclusion
In conclusion, the steel and lead model appeared to have a higher resistive force against the high velocity ballistic. The steel and lead model was deformed significantly less in comparison to the steel and plastic model showing that it did a better job at stopping the ballistic. Looking at the velocity/time graphs, you can see the velocity of the steel bullet was also reduced in velocity slightly quicker by the steel and lead laminate compared to the steel and plastic laminate. This supports the statement that the steel and lead model presented a higher resistive force and stopped the steel bullet more successfully.
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